Markers of GABA neurotransmission between chandelier neurons and their synaptic targets, the axon initial segment (AIS) of pyramidal neurons, are altered in the dorsolateral prefrontal cortex (dlPFC) of subjects with schizophrenia. For example, immunoreactivity for the GABA membrane transporter (GAT1) is decreased in presynaptic chandelier neuron axon terminals, whereas immunoreactivity for the GABA A receptor a2 subunit is increased in postsynaptic AIS. To understand the nature and functional significance of these alterations, we determined the density, laminar distribution, and length of AIS immunoreactive (IR) for ankryin-G and bIV spectrin, two proteins involved in the regulation of synapse structure and ion channel clustering at AIS, in dlPFC area 46 from 14 matched triads of subjects with schizophrenia or major depressive disorder (MDD) and normal comparison participants. The density of ankyrin-G-IR AIS in the superficial, but not in the deep, cortical layers was significantly decreased by 15-19% in the subjects with schizophrenia relative to the other participant groups. In contrast, no group differences were present in the density of bIV spectrin-IR AIS. The length of labeled AIS did not differ across participant groups for either ankyrin-G or bIV spectrin. The density of ankyrin-G-IR AIS was not altered in the dlPFC of macaque monkeys chronically exposed to antipsychotic medications. Given the important role of ankyrin-G in the recruitment and stabilization of sodium channels and other integral membrane proteins to AIS, our findings suggest that these processes are selectively altered in superficial layer pyramidal neurons in subjects with schizophrenia.
INTRODUCTION
Postmortem studies have revealed alterations in both preand post-synaptic markers of GABA neurotransmission in the dorsolateral prefrontal cortex (dlPFC) of subjects with schizophrenia. Presynaptically, levels of the mRNAs encoding (1) the 67-kDa isoform of glutamic acid decarboxylase (GAD 67 ), the principal enzyme responsible for the synthesis of GABA; (2) the GABA membrane transporter (GAT1); and (3) the calcium-binding protein parvalbumin (PV) are lower in schizophrenia (Volk et al, 2000; Volk et al, 2001; Hashimoto et al, 2003; Akbarian et al, 1995; Ohnuma et al, 1999; Guidotti et al, 2000; Hashimoto et al, 2008) . These alterations are accompanied by reduced GAT1 immuno-reactivity in the characteristic axon terminals (termed cartridges) of PV-containing chandelier neurons (Woo et al, 1998; Pierri et al, 1999 ) that form symmetric synapses onto the axon initial segments (AISs) of pyramidal neurons in the primate dlPFC (Williams et al, 1992; Melchitzky et al, 1999) . Postsynaptically, immunoreactivity for the GABA A receptor a 2 subunit is increased in pyramidal neuron AIS in the dlPFC of subjects with schizophrenia (Volk et al, 2002) . Together, these findings suggest that deficient GABA synthesis in chandelier neurons in schizophrenia, with the changes in GAT1, PV, and GABA A receptors reflecting compensatory responses to augment the efficacy of GABA inputs to pyramidal neuron AIS .
However, understanding the nature and functional significance of these alterations requires knowledge of other processes that affect GABA neurotransmission at pyramidal neuron AIS in schizophrenia. Of particular interest is whether the alterations in pre-and post-synaptic markers of GABA neurotransmission are accompanied by changes in proteins that regulate synapse structure and ion channel clustering in pyramidal neuron AIS. For example, the 480and 270-kDa isoforms of ankyrin-G, members of a class of adaptor molecules that link various membrane proteins to the cytoskeleton, are localized to AIS (and nodes of Ranvier) of certain neurons, including cortical pyramidal neurons (Kordeli et al, 1995; Susuki and Rasband, 2008) . In the cerebellum, ankyrin-G interacts with the neuronal cell adhesion molecule neurofascin to recruit and stabilize GABA synapses at the AIS of Purkinje cells (Ango et al, 2004) . Binding to ankyrin G is also essential for the localization of many other membrane proteins to the AIS (Susuki and Rasband, 2008) , including the voltage-gated Na + channels that are required for action potential generation (Zhou et al, 1998) . In addition, the cytoskeletal protein bIV spectrin, which is localized to the AIS of pyramidal neurons through its direct interaction with ankryin-G (Yang et al 2007) , is a critical component in the maintenance of membrane structure and molecular organization , and thus the stability (Yang et al, 2007) of AIS.
Given the importance of these proteins in pyramidal neuron AIS structure and function, we examined human postmortem brain tissue containing dlPFC area 46 to determine whether the laminar densities of AIS immunoreactive (IR) for ankyrin-G or bIV spectrin are altered in subjects with schizophrenia relative to normal control participants and subjects with major depressive disorder (MDD). We also determined (1) the impact of potential clinical confounds on these measures, (2) the length of ankyrin-G-and bIV spectrin-IR AIS in the same participants, and (3) the density of labeled AIS in area 46 of macaque monkeys chronically exposed to typical or atypical antipsychotic medications.
METHODS

Characteristics of Study Participants
Brain tissue from 42 participants was collected during autopsies conducted at the Allegheny County Medical Examiner's Office after consent was obtained from the next-of-kin (Table 1) . All procedures were approved by the University of Pittsburgh's Committee for Oversight of Research Involving the Dead and Institutional Review Board for Biomedical Research. Consensus DMS-IV diagnoses were made by an independent panel of experienced clinicians using information obtained from structured interviews with relatives and review of medical records (Glantz and Lewis, 1997) . Each subject with schizophrenia was matched to one normal comparison participant and one subject with MDD on the basis of sex, and as closely as possible for age and postmortem interval (PMI), creating 14 participant triads for the purposes of tissue processing. The mean ( ± SD) age (comparison: 52.4 ± 8.6 years; schizophrenia: 52.6 ± 8.5 years; MDD: 53.0 ± 7.6 years; F 2,39 ¼ 0.02, p ¼ 0.98) and PMI (comparison: 11.8±5.9 h; schizophrenia: 13.4±5.8 h; MDD: 13.5±5.7 h; F 2,39 ¼ 0.38, p ¼ 0.69) did not differ across participant groups. The mean age of illness onset was 29.9 ± 9.4 years for the schizophrenia participants and 41.6±10.7 years for the MDD participants. Neuropathological evaluations revealed no abnormalities in any participants. This same cohort of participants has been used in earlier studies of markers of chandelier neuron axon terminals and pyramidal neuron AIS (Pierri et al, 1999; Volk et al, 2002) .
Tissue Processing
The left hemisphere of the brain was cut into standardized coronal blocks (B1.2 cm thick). Tissue blocks were immersed in 4% paraformaldehyde in phosphate buffer for 48 h and stored in a cryoprotectant solution at À301C (Cruz et al, 2003) . Earlier studies have shown that storage under these conditions does not affect immunoreactivity for a number of proteins (Erickson et al, 1998; Pierri et al, 1999; Cruz et al, 2003) . Mean tissue storage times (eg for the ankyrin-G immunocytochemical study, normal comparison: 135±29 months; schizophrenia: 141±28 months; MDD: 121 ± 34 months) did not differ (F 2,39 ¼ 1.65; p ¼ 0.206) across participant groups. Tissue blocks were sectioned (40 mm) coronally on a cryostat and a sample of equally spaced sections through the entire block were stained for Nissl substance with thionin. The stained sections were used to identify area 46 ( Figure 1a ) of the dlPFC according to cytoarchitectonic criteria (Daviss and Lewis, 1995; Rajkowska and Goldman-Rakic, 1995) .
Three sets of adjacent tissue sections approximately 400 mm apart and each containing dlPFC area 46 from each participants were processed in a randomized block design (ie with one section from each participant in a triad always processed together and with different combinations of triads in each immunocytochemical experiment). One set of sections was processed for ankyrin-G immunoreactivity with a mouse monoclonal IgG 1 antibody (1 : 200 dilution, Santa Cruz Biotechnology, Santa Cruz, CA) that recognizes the 480 and 270 kDa isoforms of the protein; the adjacent set of sections was processed for bIV spectrin immunoreactivity with a rabbit polyclonal antibody (1 : 750 dilution, kindly provided by Dr Matthew Rasband, Baylor College of Medicine, Houston, TX) raised against the specific domain (SD) of bIV spectrin. Exclusion of the primary antibodies in control experiments resulted in the complete absence of immunoreactivity (data not shown). The specificity of these antibodies has been shown by the absence of immunoreactivity in tissue from mice with genetic deletions of ankyrin-G Zhou et al, 1998) or bIV spectrin-SD (Yang et al, 2004) .
To ensure adequate visualization of the proteins of interest, tissue sections were treated with an antigen retrieval procedure (Jiao et al, 1999) before primary antibody incubation. Tissue sections were placed in a 0.01-M sodium citrate solution (pH 8.5) at 801C for 75 min, then by 30 min in 1% NaBH 4 as described earlier (Cruz et al 2003) . Sections were then (1) incubated in one of the primary antibodies for 48 h at 41C, (2) incubated in a biotinylated donkey anti-mouse (ankyrin-G) or a biotinylated donkey anti-rabbit (bIV spectrin) secondary antibody (1 : 200 dilution, Vector Laboratories, Burlingame, CA) for 1 h at room temperature, (3) processed with a Vectastain ABC kit (Vector Laboratories) and diaminobenzidine, and (4) mounted on coded slides. The diaminobenzidine reaction product was stabilized by osmium tetroxide (Lewis et al, 1986) and intensified with silver nitrate and gold chloride (Pucak et al, 1996) . 
Quantification
The densities (number per mm 2 ) of pyramidal neuron AIS labeled with each antibody were quantified using the Stereo Investigator fractionator software (MicroBrightfield, Inc., Colchester, VT). For each section, the portion of area 46 cut perpendicular to the pial surface was identified, and two cortical zones were delineated as follows: 25% of the cortical depth immediately below the border of layers 1-2 (which corresponds to layers 2 and superficial 3) was defined as the superficial zone, and 20% of the cortical depth immediately above the layer 6-white matter border (which corresponds to layer 6) was defined as the deep zone. These cortical zones were chosen to follow the procedures used in earlier studies of pre-and post-synaptic markers of GABA neurotransmission in the same participants (Pierri et al, 1999; Volk et al, 2002) . Using a 5 Â objective (final on screen magnification of 120 Â ), a contour was drawn around each cortical zone and a sampling grid 300 Â 300 mm (superficial) or 200 Â 200 mm (deep) was placed in a random orientation over the contour. A counting frame (60 Â 60 mm) within each grid square was defined as the region of quantification. For quantification of AIS IR for ankyrin-G, the mean ( ± SD) numbers of counting frames per section for the superficial and deep zones were 35.4 (12.3) and 60.1 (15.9), respectively. The mean (±SD) numbers of counting frames per section for bIV spectrin IR AIS in the superficial and deep zones were 37.2 (10.1) and 65.3 (19.2), respectively. As described earlier, AISs were identified as intensely IR processes perpendicular to the pial surface that tapered slightly in the direction from pia to white matter (Volk et al 2002) . With a 40 Â objective (final on screen magnification of 960 Â ), all IR AIS in the inclusion boundaries of the counting frames were identified. One rater quantified all ankyrin-G-IR AIS (D.A.C.) and a second rater (C.L.W.) quantified all bIV spectrin-SD-IR AIS. Both raters were blind to the participant number and diagnosis of each section. Intra-rater reliability was confirmed by intra-class correlation coefficients (ICCs) of 0.996 (95% CI ¼ 0.971-0.998) for ankyrin-G and 0.986 (95% CI ¼ 0.952-0.996) for bIV spectrin-SD. Inter-rater reliability between D.A.C. and C.L.W. for each type of labeled AIS was confirmed with an ICC of 0.992 (95% CI ¼ 0.971-0.980).
The lengths of ankyrin-G-and bIV spectrin-SD-IR AISs were analyzed with the Neurolucida software (MicroBrightfield, Inc.) using a 100 Â , NA1.4, oil immersion objective. One section from each of the normal comparison subjects and subjects with schizophrenia was used for AIS length analysis. For both ankyrin-G and bIV spectrin-SD, 20 IR AISs in the superficial cortical zone were randomly selected, traced on a video monitor at a final magnification of 2400 Â , and the length of the labeled AIS was determined.
Effects of Antipsychotic Medications
To assess the potential influence of antipsychotic medications on the density of ankyrin-G-IR AIS, we studied 18 male macaque monkeys (Macaca fascicularis) that had been chronically exposed to haloperidol, olanzapine, or placebo as described earlier (Dorph-Petersen et al, 2005) . All procedures were approved by the University of Pittsburgh's Institutional Animal Care and Use Committee. After approximately 2 years of treatment, monkeys were euthanized in triads (composed of one animal from each treatment group), the brain was removed and tissue blocks containing the dlPFC were placed into cold 4% paraformaldehyde for 48 h and stored in cryoprotectant at À301C. Two tissue sections (40 mm) per participant containing area 46 were processed for immunocytochemistry, and the densities of ankyrin-G-IR AISs were determined, using the same procedures described earlier for the human participants. One rater quantified all the ankyrin-G-IR AIS (E.M.L.). The slides were coded so that the rater was blind to the participant number and treatment of each specimen. The intra-rater reliability of AIS counts was confirmed by ICCs of 0.993 (95% CI ¼ 0.946-0.999). The inter-rater reliability (with D.A.C.) of AIS counts resulted in an ICC of 0.983 (95% CI ¼ 0.941-0.995).
Statistical Analyses
The density of labeled AIS per participant was calculated as the average density of the three tissue sections. Two statistical models were used to test for effect of diagnosis in each cortical zone. In the first approach (Model 1), analyses of variance were performed with mean density of labeled AIS as the dependent variable, diagnostic group as the main effect, and participant triad as a blocking factor. As triads were used primarily to reduce experimental variance across groups and did not fully control potential differences in age, PMI, or tissue storage time, we also used ANCOVA to test for a main effect of diagnosis, including sex, age, PMI, and tissue storage time as covariates (Model 2). Age and tissue storage time were not significant in any of the initial analyses, so these covariates were omitted from the final analyses. The results of both statistical models are reported. The least significant difference post hoc test was used to assess the differences between diagnostic groups based on the Model 1 results.
The effect of sex, use of antipsychotic drugs, antidepressant drugs, or benzodiazepines at the time of death, history of alcohol and/or substance use disorder, and cause of death on the difference in AIS-IR density between matched schizophrenia-normal comparison participant pairs and MDD-normal comparison participant pairs were analyzed with ANCOVAs using sex and PMI as covariates. To determine whether the densities of ankyrin-G-IR AIS and bIV spectrin-SD-IR AISs were correlated within participants, a one-tailed Pearson correlation was conducted for each diagnostic category. Differences in AIS lengths between schizophrenia and normal comparison participants were assessed with ANCOVAs using sex, age, and PMI as covariates. The differences in the mean density of ankyrin-G-IR AIS across the groups of haloperidol-, olanzapine-, and placebo-exposed monkeys were assessed by ANCOVA, with experimental group as the main effect and participant triad as a covariate.
Photography
Photomicrographs (Figures 1 and 2) were generated using a Zeiss Axiocam camera. Photomontages were assembled and the brightness and contrast were adjusted in Adobe Photoshop.
RESULTS
General Observations
In area 46 of human dlPFC, immunoreactivity for both ankyrin-G and bIV spectrin-SD was most prominently localized to the AIS of pyramidal neurons in layers 2-6 ( Figure 1) . Ankyrin-G-and bIV spectrin-SD-IR AISs were intensely IR, vertically oriented structures that were widest just beneath the base of unlabeled pyramidal neuron cell bodies and then became thinner with increasing distance from the cell body ( Figure 2) . In all cortical layers and the subjacent white matter, ankyrin-G and bIV spectrin-SD immunoreactivity was also found in small punctate structures (Figure 1) , which most likely represent the nodes of Ranvier of myelinated axons (Jenkins and Bennett, 2002; Zhou et al, 1998) .
Densities of Ankyrin-G and bIV Spectrin-SD-IR AIS
In the superficial cortical zone (Figure 3a) , the mean ( ± SD) density of ankyrin-G-IR AIS was significantly (Model 1: F 2,26 ¼ 5.97; p ¼ 0.007; Model 2: F 2,37 ¼ 3.63; p ¼ 0.036) decreased in subjects with schizophrenia (808.0 ± 224.4) by 19% relative to matched normal comparison participants (1008.8 ± 213.8) and by 15% relative to subjects with MDD (951.6 ± 268.2). Post hoc analysis revealed that mean ankyrin-G-IR AIS density in subjects with schizophrenia was significantly lower than in both normal comparison subjects (p ¼ 0.003) and subjects with MDD (p ¼ 0.02); in contrast, the normal comparison and MDD groups did not differ (p ¼ 0.404). In addition, across participant groups, the densities of ankyrin-G-IR AISs were significantly (F 1,37 ¼ 5.72; p ¼ 0.022) greater in females than in males. In the deep cortical zone (Figure 3b ), the mean densities of ankyrin-G-IR AISs were lower than in the superficial zone for each participant group but did not differ (Model 1: F 2,26 ¼ 1.18; p ¼ 0.322; Model 2: F 2,37 ¼ 0.91; p ¼ 0.411) across the participant groups. No differences were observed between males and females in the deep cortical zone (F 1,37 ¼ 0.05; p ¼ 0.826).
The mean density of bIV spectrin-SD-IR AIS (Figure 4 ) did not differ across participant groups in either the superficial (Model 1: F 2,26 ¼ 1.68; p ¼ 0.206; Model 2: F 2,37 ¼ 1.06; p ¼ 0.356) or deep (Model 1: F 2,26 ¼ 0.49; p ¼ 0.621; Model 2: F 2,37 ¼ 0.84; p ¼ 0.438) cortical zones. In addition, like ankyrin-G-IR AIS, the densities of bIV spectrin-SD-IR AISs were significantly greater in females than in males across participant groups in the superficial zone (F 1,37 ¼ 8.55; p ¼ 0.006) but not in the deep zone (F 1,37 ¼ 1.41; p ¼ 0.242).
The densities of ankyrin-G-and bIV spectrin-SD-IR AIS in the superficial zone were positively correlated in each participant group (normal comparison: r ¼ 0.70, p ¼ 0.005; MDD: r ¼ 0.64, p ¼ 0.014; schizophrenia: r ¼ 0.52, p ¼ 0.059), although the density of bIV spectrin-SD-IR AIS was greater than that for ankyrin-G-IR AIS for every participant ( Figure 5 ).
Effects of Possible Confounds
The effects of possible confounds on the group differences in the densities of ankyrin-G-IR AIS in the superficial cortical zone are shown in Figure 6a . The mean difference from the matched normal comparison participant did not significantly differ when the subjects with schizophrenia were divided into groups based on sex (F 1,11 ¼ 0.025, p ¼ 0.876), the use of antipsychotic (F 1,10 ¼ 2.32, p ¼ 0.159), benzodiazepine (F 1,10 ¼ 0.11, p ¼ 0.746) or antidepressant (F 1,10 ¼ 1.61, p ¼ 0.233) medications at the time of death, or a history of a substance use disorder (F 1,10 ¼ 0.59, p ¼ 0.462). Interestingly, those subjects with schizophrenia on psychotropic medications at the time of death tended to have a smaller decrease in ankyrin-G-IR Figure 3 Scatter plots showing the mean densities of ankyrin-G immunoreactive AIS in each participant for each cortical zone. Horizontal lines indicate the mean density for each group. Note the generally higher density of ankyrin-G-labeled AIS for female participants in the superficial zone.
AIS density relative to their matched normal comparison participants (Figure 6a ), suggesting that the use of medications might have obscured the magnitude of the decrease in ankyrin-G-IR AIS density due to the illness. The two subjects with schizophrenia who died by suicide had a much greater decrease in ankyrin-G-IR AIS density than those who died by other causes (F 1,10 ¼ 5.73, p ¼ 0.038; Figure 6a ). However, the subjects with schizophrenia with a cause of death other than suicide still showed a significant (t 11 ¼ 2.38, p ¼ 0.036) 14% decrease in ankyrin-G-IR AIS density relative to their matched comparison participants. Finally, the density of ankyrin-G-IR AIS was similarly decreased (F 1,10 ¼ 0.11, p ¼ 0.758) in both 'pure' schizophrenia (n ¼ 11) and schizoaffective (n ¼ 3) participants.
For the subjects with MDD (Figure 6b ), the mean difference from their matched normal comparison cases in the density of ankyrin-G-IR AIS in the superficial zone did not significantly differ when MDD participants were divided on the basis of sex (F 1,11 ¼ 1.53, p ¼ 0.243), the use of antipsychotic (F 1,10 ¼ 0.05, p ¼ 0.829), benzodiazepine (F 1,10 ¼ 2.75, p ¼ 0.128 ) or antidepressant (F 1,10 ¼ 0.82, p ¼ 0.388) medications at the time of death, history of substance use disorder (F 1,10 ¼ 0.11, p ¼ 0.749), or manner of death (F 1,10 ¼ 0.58, p ¼ 0.464). In addition, the mean difference from their matched normal comparison partici-pants did not differ between MDD participants with (n ¼ 5) or without (n ¼ 9) a history of psychosis (F 1,10 ¼ 0.34, p ¼ 0.575), suggesting that the lower density of ankyrin-G-IR AIS in the superficial zone of the subjects with schizophrenia reflects the disease process of schizophrenia and not a more general effect of psychosis.
The mean difference between matched pairs of schizophrenia and normal comparison participants in the density of bIV spectrin-SD-IR AIS in the superficial zone did not significantly differ as a function of sex; antipsychotic, benzodiazepine, or antidepressant medication use at time of death; history of substance use disorder; or manner of death (all F values o1.15; all p values 40.308). Similarly, no differences between matched pairs of MDD and normal comparison participants in the density of bIV spectrin-SD-IR AIS in the superficial zone were found as a function of any of these factors (all F values o1.64; all p values 40.229).
Length of Ankyrin-G-and bIv Spectrin-SD-IR AIS
As AIS length is associated with the probability that a given AIS will be contained, and identified, in a given tissue section, diagnosis-associated differences in the length of ankyrin-G-or bIV spectrin-SD-IR AIS could potentially confound our density measures. However, mean AIS length in the superficial cortical zone did not differ between normal comparison and subjects with schizophrenia for either ankyrin-G (F 1,23 ¼ 2.31, p ¼ 0.14) or bIV spectrin-SD (F 1,23 ¼ 1.42, p ¼ 0.25).
Ankyrin-G-IR AIS in Antipsychotic Exposed Monkeys
To further examine the potential effect of antipsychotic medications on ankyrin-G-IR AIS density, we determined the density of ankyrin-G-IR AIS in dlPFC area 46 of monkeys that had been exposed to haldoperidol, olanzapine, or placebo ( Figure 7) . As in humans, the density of labeled AIS was consistently greater in the superficial than in the deep cortical zone for each participant, but the mean density of ankyrin-G-IR AIS did not significantly differ across participant groups in either the superficial (F 2,14 ¼ 0.29, p ¼ 0.75) or deep (F 2,14 ¼ 0.49, p ¼ 0.62) zones.
DISCUSSION
In this study, the density of ankyrin-G-IR AIS in subjects with schizophrenia was significantly reduced in the superficial, but not in the deep, cortical layers compared with both normal comparison and subjects with MDD. This difference appears to reflect the underlying disease process of schizophrenia and not potential confounding factors. In contrast, the density of bIV spectrin-SD-IR AIS did not significantly differ across diagnostic groups in either the superficial or deep cortical layers.
Methodological Considerations
We used the stereological principle of systematic random sampling to reduce sampling bias. However, due to the unavailability of the entire dlPFC for all participants, we report relative densities of labeled AIS instead of total numbers. This profile-counting approach is subject to two potential confounds. First, the detectability of labeled AIS is dependent on their length and how much of that length is present in tissue sections; the latter is determined by the angle of cut of the tissue relative to the long axis of AIS. These issues do not appear to have confounded our results as the length of labeled AIS did not differ between the schizophrenia and normal comparison participant groups, and only locations in area 46 that were cut perpendicular to the pial surface, and parallel to the long axis of AIS, were sampled. Second, the density of labeled AIS is dependent on both the number of AIS and cortical volume. However, systematic confounding due to differences in reference volume seems unlikely given that in these same participants (1) earlier measures of cortical thickness found no group differences (Pierri et al 1999) , and (2) the densities of ankyrin-G-IR, bIV spectrin-SD-IR, and GABA A receptor a2 subunit-IR (Volk et al 2002) AISs were decreased, unchanged, and increased, respectively, in these participants with schizophrenia relative to comparison participants. Furthermore, if the volume of the dlPFC was reduced in the subjects with schizophrenia, as reported in some structural imaging studies (Shenton et al, 2001) , then the lower density of ankyrin-G-IR AIS in schizophrenia observed in this study is likely to underestimate the true disease-related reduction in the number of AIS with detectable levels of ankyrin-G immunoreactivity.
The densities of both ankyrin-G-and bIV spectrin-SD-IR AIS in the superficial layers differed as a function of sex, with females having greater densities in all participant groups (Figures 3a and 4a) . Interestingly, earlier we did not find a difference in the densities of ankyrin-G-or bIV spectrin-SD-IR AIS between male and female monkeys, or as a function of menstrual status in a small group of female monkeys (Cruz et al, 2009) . Thus, whether the sex difference observed in the present study is distinctive to humans, and if so, the basis for it, requires further study.
None of the other factors examined (Figure 6a ) accounted for the lower density of ankyrin-G-IR AIS in the superficial zone of schizophrenia participants, and no effects of typical or atypical antipsychotic medications on ankyrin-G-IR AIS density were observed in monkeys (Figure 7) . These findings, and the absence of a difference in ankyrin-G-IR AIS density between MDD and normal comparison participants, or between MDD subjects with or without a history of psychosis, suggests that the lower density of ankyrin-G-IR AIS in the superficial zone of subjects with schizophrenia is specific to the disease process associated with this clinical diagnosis.
However, it is important to note that the gene that encodes ankyrin-G protein, ANK3, has recently been shown to be a susceptibility gene for bipolar disorder (Ferriera et al, 2008; Schulze et al, 2008) . Given the evidence for shared genetic vulnerabilities between bipolar disorder and schizophrenia, it would be interesting to see if markers of GABA neurotransmission at the AIS of pyramidal neurons are altered in bipolar disorder. If genetic variants in the ANK3 gene also confer risk for schizophrenia, then these variants might contribute to reduced levels of ankyrin-G protein, but why such changes would be pronounced in a subset of pyramidal neurons is unclear. Figure 6 Bar graphs showing the mean ( ± SD) difference from the matched normal comparison participant for ankyrin-G immunoreactive AIS density in the superficial zone for schizophrenia (panel a) and MDD (panel b) groups. Schizophrenia and MDD subjects are separated into groups according to sex; use of antipsychotics, benzodiazepines, or antidepressants at time of death; history of substance use disorder; and manner of death. The numbers at the origin line indicate the number of participants in each group.
Functional Significance
The laminar specificity of the ankyrin-G-IR AIS findings are consistent with earlier observations that pyramidal cell alterations in schizophrenia are more marked in the superficial cortical layers. For example, alterations in both pre-synaptic (ie lower density of GAT1-IR chandelier cell axon cartridges; Pierri et al, 1999) and post-synaptic (ie higher density of AIS IR for the GABA A receptor a2 subunit; Volk et al, 2002) markers of GABA inputs to pyramidal cell AISs are more prominent in the superficial than the deep layers of the dlPFC in schizophrenia. Similarly, smaller somal volume and lower spine density of pyramidal neurons in schizophrenia are also preferentially found on layer 3 relative to layers 5-6 pyramidal neurons in both the dlPFC Glantz and Lewis, 2000; Kolluri et al, 2005; Rajkowska et al, 1998) and auditory cortex (Sweet et al, 2003; Sweet et al, 2004; Sweet et al, 2008) . As the majority of pyramidal neurons in dlPFC layers 2-3 project to other cortical areas (Jones, 1984) , these laminaspecific alterations suggest a greater impact on corticalcortical than on cortical-subcortical information processing in subjects with schizophrenia. Interestingly, in the superficial layers, the densities of AIS IR for ankyrin-G and for the GABA A receptor a2 subunit (Volk et al, 2002) were significantly inversely correlated in the schizophrenia subjects (r ¼ À0.690, p ¼ 0.006) but not in the control subjects (r ¼ À0.229, p ¼ 0.430). These findings suggest that a common factor may contribute to the changes in both ankyrin-G and the GABA A receptor a2 subunits at AIS in DLPFC layers 2-3 in subjects with schizophrenia. For example, if GABAergic innervation is required for the localization of ankyrin-G and the formation of the AIS (Hedstrom et al, 2008; Ango et al, 2004) , then lower GABA neurotransmission from chandelier cells (due to a deficit in expression of the GABA synthesizing enzyme, GAD67 (Lewis et al, 2005) ) to pyramidal cell AIS would be reflected in both decreased ankyrin-G and a compensatory increase in GABA receptors containing the a2 subunit. Similarly, the lower densities of both ankyrin-G-and bIV spectrin-SD-IR AIS in the deep relative to the superficial cortical zones might reflect the lower number of chandelier cell synapses on the AIS of pyramidal neurons in layer 6 relative to layer 3 (Farinas and DeFelipe, 1991) . Fewer synaptic inputs might be associated with lower levels of immunoreactivity per AIS, creating the possibility that some AIS in the deep zone were not detected, and thus that diagnosis-related differences were missed.
The lower density of ankyrin-G-IR AIS in the superficial layers likely represents a reduced amount of ankyrin-G protein in a subset of AIS, rather than fewer AIS, for the following reasons. First, the density of bIV spectrin-SD-IR AIS was unchanged in schizophrenia, and exceeded the density of ankyrin-G-IR AIS in every participant, including normal comparison subjects, indicating that AISs are still present in schizophrenia. The consistent difference in the densities of ankyrin-G-IR and bIV spectrin-SD-IR AIS might merely reflect a greater sensitivity of bIV spectrin-SD antibody. Thus, our findings suggest that in schizophrenia, a subset of pyramidal neuron AISs have reduced levels of ankyrin-G protein such that they are no longer detectable by immunocytochemistry, whereas the levels of bIV spectrin in these AIS is still sufficient to be detected. Second, both the total number of prefrontal neurons (Thune et al, 2001) , and the tissue shrinkage-corrected density of layer 3 pyramidal neurons (Maldonado-Aviles et al, 2006) , are unchanged in subjects with schizophrenia, indicating that the source neurons of AISs are still present.
Although both ankyrin-G and bIV spectrin play roles in the formation and maintenance of the membrane protein complexes that comprise the AIS, ankyrin-G appears to be the principal organizer of the AIS. For example, in ankyrin-G knock-out mice, bIV spectrin, as well as sodium and potassium ion channels, fail to cluster at the AIS of Purkinje neurons (Zhou et al, 1998; Bennett and Baines, 2001 ; Pan Figure 7 Scatter plots showing the mean densities of ankyrin-G-IR AIS in each participant for each cortical zone in placebo-, haloperidol-, and olanzapineexposed monkeys. Horizontal lines indicate the mean density for each group. et al, 2006) . In contrast, ankyrin-G is properly localized to the AIS in bIV spectrin knock-out mice (Yang et al, 2004) and bIV spectrin by itself cannot recruit proteins, such as sodium channels, to the AIS (Yang et al, 2007) . Thus, the lower levels of ankyrin-G protein in schizophrenia may translate into a deficit in the levels of sodium channels localized to the AIS, and consequently to a reduced capacity of layers 2-3 pyramidal neurons to generate action potentials. Ankyrin-G also localizes and retains the cell adhesion molecule, neurofascin 186, to the AIS of projection neurons (Ango et al, 2004; Boiko et al, 2007) . Through its interaction with ankyrin-G, neurofascin 186 is responsible for the recruitment of GABA synapses to the AIS of cerebellar purkinje neurons (Ango et al, 2004) . If this same mechanism is operative in cortical pyramidal neurons, then lower levels of ankyrin-G could lead to a smaller number of GABA synapses at the AIS of layers 2-3 pyramidal neurons in schizophrenia. These hypotheses may be tested in future studies by examining immunoreactivity for voltage-gated sodium channels and neurofascin 186 in the AIS of subjects with schizophrenia.
The combination of lower synaptic input from chandelier neurons and impaired action potential generation could disrupt the capacity of pyramidal neurons to fire in the repetitive and synchronous fashion required for cortical network oscillations, such as those in the gamma band (30-80 Hz) range (Gonzalez-Burgos and . Prefrontal gamma oscillations are associated with certain cognitive processes, such as working memory, that are disturbed in schizophrenia, and cognitive task-induced gamma oscillations in the frontal lobes are reduced in schizophrenia (Cho et al, 2006) . Although additional studies are required to determine the cause-effect relationships between alterations at the site of chandelier-pyramidal neuron synapses, the findings of this study further define the molecular nature of those alterations and may suggest novel targets for therapeutic interventions to improve cognition in schizophrenia.
